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ABSTRACT 
I n  t h e  d e s i g n  of  s p a c e c r a f t  f o r  p r o p e r  thermal  b a l a n c e ,  a c c u r a t e  i n f o r m a t i o n  
on t h e  long-term o p t i c a l  b e h a v i o r  of t h e  s p a c e c r a f t  o u t e r  s k i n  materials i s  
necessary .  T h i s  paper  p r e s e n t s  a phenomenological model f o r  such b e h a v i o r ,  
e x p l a i n s  t h e  u n d e r l y i n g  p r i n c i p l e s  involved ,  and g i v e s  some examples of t h e  
model 's  f i t  t o  a c t u a l  measurements under s i m u l a t e d  e a r t h - o r b i t  c o n d i t i o n s .  The 
paper  concludes  w i t h  some comments on a p p l i c a b i l i t y  of t h e  model t o  materials 
t e s t i n g  and thermal  model l ing .  
INTRODUCTION 
S i n c e  t h e  e a r l y  1 9 6 0 ' s ,  a c o n s i d e r a b l e  body of  d a t a  h a s  been a c q u i r e d  on t h e  
performance of Alzakl  anodized aluminum under s i m u l a t e d  s p a c e  r a d i a t i o n  c o n d i t i o n s .  
T h i s  material  h a s  g e n e r a l l y  poor  s p a c e  s t a b i l i t y ,  b u t  i s  unique i n  t h a t  i t  demon- 
s t ra tes  a c o n s i s t e n t ,  r e p e a t a b l e  d e t e r i o r a t i o n  i n  o p t i c a l  p r o p e r t i e s  when exposed 
t o  u l t r a v i o l e t  r a d i a t i o n  i n  vacuum'. 
ence  m a t e r i a l  f o r  v a l i d a t i o n  of s p a c e  s i m u l a t i o n  f a c i l i t y  performance. 
T h i s  c h a r a c t e r i s t i c  makes i t  a n  i d e a l  r e f e r -  
I n  1981, major  m o d i f i c a t i o n s  t o  t h e  AFWAL/ML3 SCEPTRE (Space Combined E f f e c t s  
Primary T e s t  Research Equipment) began, w i t h  a g o a l  of r a i s i n g  t h e  then- inadequate  
( . 2  UV sun)  s i m u l a t e d  s o l a r  i n t e n s i t y  t o  a u s e f u l  ( > 1 . 0  sun)  l e v e l ,  and .1 m i l  
A l z a k  w a s  d e c i d e d  upon as  a c o n t r o l  m a t e r i a l .  By 1985, t h i s  e f f o r t  had been con- 
c luded ,  which provided  a unique o p p o r t u n i t y  t o  examine Alzak b e h a v i o r  under  s i m -  
u l a t e d  s o l a r  W i n t e n s i t i e s  i n  t h e  range  0-1 sun.  Examination of t h e  h i s t o r i c a l  
r e c o r d  provided  f u r t h e r  i n f o r m a t i o n  from a n  ea r l i e r  work4 which h a s  ex tended  t h i s  
d a t a  s e t  t o  3 s u n s  (SCEPTRE d a t a  a t  >1 sun i n t e n s i t y  h a s  been i n  a combined UV/  
e l e c t r o n  environment) .  Thus, d a t a  i s  a v a i l a b l e  f o r  an  ex t remely  wide i n t e n s i t y  
range under known c o n d i t i o n s  w i t h  a known material .  
*Research performed under  A i r  Force  Cont rac t  No. F33615-84-C-5130, U n i v e r s i t y  of 
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The d e s i r e  t o  u n d e r s t a n d  t h e  material  b e h a v i o r  ar ises  from t h e  need f o r  s p a c e  
s i m u l a t i o n  t e s t i n g  t o  be conducted under a c c e l e r a t e d  c o n d i t i o n s ,  i . e .  a t  i n t e n -  
s i t i e s  g r e a t e r  t h a n  t h o s e  e x p e r i e n c e d  i n  t h e  a c t u a l  f l i g h t  environment .  T e s t i n g  
i s  u s u a l l y  conducted a t  i n t e n s i t i e s  f o r  2-10 s u n s ,  and t h e n  "scaled" by m u l t i p l y -  
i n g  t h e  t es t  t i m e  a g a i n s t  t h e  i n t e n s i t y  t o  y i e l d  what is  presumed t o  b e  a u s e f u l  
dose measurement, g e n e r a l l y  c a l l e d  "Equivalent  Sun-Hours" o r  ESH. The u n s t a t e d  
assumption i n  such s c a l i n g  i s  t h a t  of R e c i p r o c i t y  - t h a t  a r e c i p r o c a l  r e l a t i o n -  
s h i p  e x i s t s  between t h e  i n t e n s i t y  and t h e  t i m e  c o n s t a n t  f o r  material  damage, w i t h  
no s i g n i f i c a n t  d e v i a t i o n  i n  t o t a l  damage t o  t h e  material, 
The SCEPTRE tests of Alzak do n o t  b e a r  o u t  t h i s  assumption.  While d a t a  from 
i n d i v i d u a l  tes t  r u n s  c a n  b e  n i c e l y  f i t t e d  t o  a " f rench  curve" asymptot ic  trace 
( F i g u r e  l ) ,  when t h e  d a t a  i s  e x p r e s s e d  i n  terms of t h e  t o t a l  dose  i n  ESH, any 
such r e l a t i o n s h i p  d i s a p p e a r s  ( F i g u r e  2 ) .  T h i s  s u g g e s t s  t h a t  a more compl ica ted  
r e l a t i o n s h i p  between t i m e ,  i n t e n s i t y ,  and damage o c c u r s .  
It is  t h e  i n t e n t  of t h i s  paper  t o  e x p r e s s ,  as comple te ly  as p o s s i b l e ,  t h a t  
r e l a t i o n s h i p .  
DERIVATION OF THE MATH MODEL 
Consider  a monomolecular l a y e r  of Alzak c o n t a i n i n g  some number No of p o s s i b l e  
si tes f o r  c o l o r  center format ion .  F i g u r e  3 i l l u s t r a t e s  t h e  b e h a v i o r  of such  a 
l a y e r  when exposed t o  i o n i z i n g  r a d i a t i o n  a t  a n  i n t e n s i t y  of  3 i o n i z i n g  photons /  
u n i t  a r e a / u n i t  t i m e .  One photon i n t e r a c t s  w i t h  a s i t e ,  forming a c o l o r  c e n t e r .  
Another photon i n t e r a c t s  w i t h  an  e x i s t i n g  c o l o r  c e n t e r  - and h a s  no e f f e c t .  
las t  photon p a s s e s  through t h e  l a y e r  w i t h o u t  e f f e c t ,  presumably t o  create a c o l o r  
c e n t e r  deeper  i n  t h e  material .  
The 
Our o b j e c t i v e  is  t o  d e r i v e  a n  e q u a t i o n  which w i l l  d e f i n e  
c o l o r  c e n t e r s  i n  t h i s  l a y e r  as a f u n c t i o n  of t i m e .  
t h i s  e q u a t i o n  i s  s a t i s f i e d  by N ( t )  d e f i n e d  as 
1 N(t)  = N (1-e . 'I = - 
'IO 
0 
which may b e  d i v i d e d  through by N 
as a f u n c t i o n  of t i m e  
t o  y i e l d  t h e  c o n c e n t r a t i o n  
0 
t h e  c o n c e n t r a t i o n  of  
( 2 )  
of c o l o r  c e n t e r s  
I The o b s e r v a b l e  v a l u e  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of  c o l o r  c e n t e r s  is  t h e  s o l a r  
~ 
a b s o r p t a n c e  (a ( t ) ) ,  which may b e  found by 
S 
S u b t r a c t i o n  of t h e  i n i t i a l  v a l u e  y i e l d s  t h e  change i n  s o l a r  a b s o r p t a n c e  a s  a 
f u n c t i o n  of t i m e  
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Acis(t) = as(t)-cio = ci ( l - e  - t /T)  
1 ( 5 )  
Now t h i s  model is  v e r y  i n t e r e s t i n g ,  d e s p i t e  i t s  f l a w s ,  s i n c e  t h i s  i s  t h e  model 
impl ied  by t h e  assumption o f  l i n e a r  r e c i p r o c i t y  s t a t e d  i n  t h e  i n t r o d u c t i o n .  
Indeed, a 100  hour  exposure t o  r a d i a t i o n  a t  2 UV sun i n t e n s i t y  s h o u l d ,  a c c o r d i n g  
t o  t h i s  model, have e x a c t l y  t h e  same e f f e c t  as 200 hours  of exposure  a t  1 W sun.  
Attempting t o  f i t  t h e  observed d a t a  t o  t h i s  model y i e l d s  F i g u r e  4 .  C l e a r l y  
t h e  model f a i l s  - and t h e  most obvious  way i n  which i t  could  f a i l  is  by assuming 
t h a t  a l l  t h e  damage o c c u r s  i n  a s i n g l e  monolayer of material. 
T h e r e f o r e ,  l e t  u s  c o n s i d e r  a m u l t i - l a y e r  model. 
F i g u r e  5 i l l u s t r a t e s  such a model, which is e s s e n t i a l l y  a s t a c k  of monolayers 
as d e f i n e d  i n  F i g u r e  3 ,  viewed from t h e  s i d e .  Again,  w e  see t h r e e  i n c i d e n t  pho- 
t o n s .  One forms a c o l o r  c e n t e r  i n  l a y e r  one ,  one impacts  a n  e x i s t i n g  c e n t e r  wi th-  
o u t  e f f e c t ,  and t h e  t h i r d  p a s s e s  through t o  create a new c e n t e r  i n  l a y e r  2 .  The 
d i f f e r e n c e  between t h i s  case and t h e  monolayer case is  now clear - a t  he ightened  
i n t e n s i t i e s ,  damage w i l l  b e  done deeper  i n  t h e  material, s o  t h e  t o t a l  s a t u r a t i o n  
v a l u e  f o r  c o l o r  c e n t e r  c o n c e n t r a t i o n  (and,  by i n f e r e n c e ,  s o l a r  a b s o r p t a n c e )  w i l l  
b e  h i g h e r .  
The model i s  d e s c r i b e d  by 
which i s  s a t i s f i e d  by 
Div id ing  through by N y i e l d s  t h e  Color  Center  Concent ra t ion  
0 
T h i s  completes  t h e  d e r i v a t i o n  of t h e  model, b u t  does n o t  y i e l d  a n  o b s e r v a b l e  
q u a n t i t y .  
n o t i n g  t h i s  t i m e  t h a t  w e  must i n t e g r a t e  o v e r  t h e  t h i c k n e s s  of t h e  material ,  which 
l e a d s  t o  
To g e t  an  o b s e r v a b l e  ( a , ( t ) )  from t h i s ,  w e  a g a i n  a p p l y  Equat ion  ( 4 ) ,  
[No-N (X , t ) ] dx+al 
(9) TD* 
c r s ( t >  = a. 
J 0 No dx 
r e a r r a n g i n g  terms, and i n t e g r a t i n g  t h e  s i m p l e r  ones  y i e l d s  
D 
- a t 1  eeax)dx 
a S ( t )  = a 0 0  N D+(a l o l o  -a ) N ( l - e  o 
N D  
0 
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T h i s  cannot  b e  a n a l y t i c a l l y  s o l v e d  f o r  a l l  t i m e ,  b u t  i t  can b e  s o l v e d  f o r  t h e  
t r i v i a l  case of t = O  ( y i e l d i n g  c1 as  e x p e c t e d ) ,  and f o r  t h e  l i m i t  as t i m e  goes 
t o  i n f i n i t y .  T h i s  l a s t  y i e l d s  0' 
aoNoD+(~ 1 0  -a )N 0 1  d 1 i m  
t- II.,(t)l = 
NOD 
Where w e  n o t e  t h a t  a t  d e p t h s  g r e a t e r  t h a n  d no c o l o r  c e n t e r s  are formed, s o  t h e  
i n t e g r a l  range  f o r  t h e  N ( x , t )  t e r m  is  t h u s  ' ' r e s t r i c t e d .  
y i e l d s  
C a n c e l l i n g  t h e  N I s  
0 
1 i m  dl 
C a p ]  = a +(a -a ) - t- o 1 0 D  
And s u b t r a c t i o n  of t h e  ci y i e l d s  
0 
dl ACI = ~1 - - ~ 1  - (a1-Q0) 5 
S s o  
Which e x p r e s s e s  t h e  t o t a l  change i n  a b s o r p t a n c e  o v e r  i n f i n i t e  t i m e .  It merely 
remains t o  f i n d  t h e  maximum depth  of damage d . 
t o  compute t h e  i n t e n s i t y  a t  t h e  maximum depth .  
We do t h i s  by a p p l y i n g  Beer's Law 
-ad 
= I ( d l )  = Ioe 1 
1 x=d 
I 
I 
Taking t h e  l o g  of bo th  s i d e s ,  n o t i n g  t h a t  t h e  t h r e s h o l d  i n t e n s i t y  a t  t h e  depth  of 
maximum damage must be a c o n s t a n t  ( s i n c e  a t  g r e a t e r  d e p t h s  i t  i s  quantum-mechan- 
i c a l l y  improbable  t h a t  t h e r e  w i l l  b e  any e f f e c t )  and s o l v i n g  f o r  d y i e l d s  1 
dl = A ln(Io) + B (15) 
where A and B are a r b i t r a r y  c o n s t a n t s .  
and combining c o n s t a n t s  y i e l d s  
S u b s t i t u t i n g  t h i s  back i n t o  Equat ion ( 1 2 )  
(16)  
1 i m  Acls(t) = (al-aO)(A ln( Io)+B) /D 
t- 
= A l n ( 1  )+B 
0 
We now make t h e  assumption t h a t  t h e  complete ,  time-dependent e q u a t i o n  can be 
s e p a r a t e d  i n t o  s t a t i c  and dynamic components, of which Equat ion (16)  i s  t h e  
s t a t i c  component 
Aas(t)  = [ A a ( t > ] f ( t >  
t = c o  
= (A  l n ( 1  ) + B ) f ( t )  
0 
I n s p e c t i o n  of Equat ion (10) y i e l d s  t h e  dynamic (t ime-dependent) component 
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Which h a s  no a n a l y t i c a l  s o l u t i o n .  
t o  series form 
We approximate t h i s  f u n c t i o n  by c o n v e r t i n g  i t  
n 
i=l 
f ( t )  Z K  ( l - e  - t / r (x) )Ax ; x=Ax(i-1);  
-aAx ( i -1)  
T ( x ) = a I  e 
0 
And t h e n  n o t e  t h a t  t h e  most s i g n i f i c a n t  t e r m  i s  t h e  f i r s t ,  due t o  t h e  n a t u r e  of  
t h e  e x p o n e n t i a l  component. T r u n c a t i o n  of a l l  terms f o r  i>l y i e l d s  
where K is  an  a r b i t r a r y  c o n s t a n t .  S u b s t i t u t i o n  back i n t o  Equat ion  ( 1 7 ) ,  and 
combinat ion of t h e  c o n s t a n t s  f i n a l l y  y i e l d s  
1 k r(Io) = - = - 
IO 
a 1  0 
a l ( Io)  = A ln ( Io)+B 
where a,A,B = c o n s t a n t  (21) 
Which r e p r e s e n t s  an  approximate e x p r e s s i o n  f o r  t h e  o b s e r v a b l e  v a r i a b l e  - t h e  
change i n  s o l a r  a b s o r p t a n c e .  
TESTING THE MODEL AGAINST REALITY 
F i g u r e s  6 and 7 i l l u s t r a t e  t h a t ,  indeed ,  T i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
i n t e n s i t y ,  and al i s  l i n e a r  w i t h  t h e  l o g  of t h e  i n t e n s i t y .  
f i t t i n g  produces t h e  c o n s t a n t s  i n  q u e s t i o n ,  t h u s  
Simple l e a s t - s q u a r e s  
T = 95.0 /1  
a = .008 l o g ( 1 )  + .042 
( o r  k=95, A=.008, B=.042 i n  t h e  nomenclature  of  Eq. (21) 
1 
S u b s t i t u t i n g  t h e s e  i n t o  Equat ion (21) and p l o t t i n g  f o r  t h e  a c t u a l  t es t  i n t e n s i t i e s  
of . 2 ,  . 5 ,  1 . 0 ,  and 3 .0  s u n s  y i e l d s  F i g u r e  8 - which shows t h a t  t h e  e q u a t i o n  does  
indeed f i t  t h e  d a t a  t o  w i t h i n  t h e  i l l u s t r a t e d  e r r o r  l i m i t  of  5.005 in ct . 
S 
T h i s  d a t a  f i t  i s  f a r  t o o  c l o s e  t o  b e  f o r t u i t o u s  - i f  t h i s  model is  n o t  
a c c u r a t e ,  i t  i s  a t  least  much c l o s e r  t h a n  t h e  n a i v e  model i l l u s t r a t e d  i n  
F i g u r e  4 .  
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CONCLUSION - IMPLICATIONS ARISING FROM THE MODEL 
Given t h a t  Equation (21) provides  a working approximation t o  material 
behavior  i n  t h i s  ca se ,  we  are l e f t  wi th  several i n t e r e s t i n g  ques t ions :  
I 1 - Does t h e  model apply t o  o t h e r  materials? 
I 
We do no t  know. Ex i s t ing  SCEPTRE d a t a  sets f o r  materials o t h e r  than Alzak 
However, i f  a n  i t e ra t ive  s o l u t i o n  f o r  a1 and T is  t o l e r -  
encompass a t  b e s t  two exposure i n t e n s i t i e s ,  which i s  i n s u f f i c i e n t  t o  v a l i d a t e  
l i n e a r i t y  of al and T. 
a t e d ,  every d a t a  set w e  have, f o r  o rgan ic  ino rgan ic  p a i n t s ,  OSR's, e t c .  can 
- be f i t t e d  to Equation - (8) .  Th i s  procedure y i e l d s  a r e s u l t a n t  func t ion  which is  
v a l i d  only  a t  t h e  i n t e n s i t y  f o r  which d a t a  is  a v a i l a b l e ,  but  i t  i s  nonethe less  
encouraging. 
2 - Does t h e  model apply  t o  o t h e r  r a d i a t i o n  environments? 
Again, i n s u f f i c i e n t  d a t a  p reven t s  u s  from making a d e f i n i t i v e  answer, bu t  
t h e  i t e r a t i v e  procedure mentioned above h a s  so f a r  been success fu l  a t  producing 
a f i t  t o  wi th in  experimental  e r r o r  l i m i t s  f o r  a l l  SCEPTRE UV/vacuum 
e l e c t r o n  tests. 
UV/vacuum/ 
3 - Assuming t h a t  t h e  model is- (at  least approximately)  v a l i d ,  what does i t  
say  about present-day a c c e l e r a t e d  t e s t i n g  of s p a c e c r a f t  materials f o r  
space s t a b i l i t y ?  
The model h a s  s e v e r a l  i m p l i c a t i o n s  f o r  a c c e l e r a t e d  t e s t i n g ,  w e l l  expressed 
by comparing F igu res  4 and 8. assumption t h a t  test r e s u l t s  can b e  co r rec t ed  
- f o r  vary ing  i n t e n s i t y  by s c a l i n g  t h e  t i m e  axis is c l e a r l y  f a l s e .  
however, t h a t  t e s t i n g  a t  a c c e l e r a t e d  i n t e n s i t i e s  r e p r e s e n t s  a "safe  worst  case", 
s i n c e  t h e  s a t u r a t i o n  v a l u e  i s  always h ighe r  f o r  h ighe r  i n t e n s i t y .  
It does appear ,  
Perhaps t h e  most important  i m p l i c a t i o n s  are f o r  intercomparison of ground- 
based s imula t ion  d a t a  t o  f l i g h t  test r e s u l t s .  When those  of u s  i n  t h e  s imula t ion  
community speak of  a "W-sun" w e  mean an  equ iva len t  W i n t e n s i t y  t o  t h a t  from t h e  
sun,  assuming a view f a c t o r  ----- of 1 .0  = wi th  t h e  specimen normal t o  t h e  i n c i d e n t  
l i g h t  ray. 
a t i o n s  w i l l  l e ad  t o  a time-averaged i n t e n s i t y  of less than  .5 UV-suns f o r  a real  
spacec ra f t  on-orb i t .  
t h e  a c c e l e r a t i o n  f a c t o r  w i l l  be  4 ,  not 2 as  i s  o f t e n  claimed. 
dependent n a t u r e  of Equation (21) ,  t h i s  sugges t s  t h a t  such comparisons need t o  be  
examined very  c a r e f u l l y  - and l e a d s  one t o  ques t ion  e x a c t l y  what is  meant i f  ground 
tes t  r e s u l t s  a t  h igh  a c c e l e r a t i o n  f a c t o r s  do indeed match f l i g h t  test  d a t a .  
t h e  p r e d i c t i o n  t h a t  tests a t  a c c e l e r a t e d  i n t e n s i t y  w i l l  always y i e l d  more damage 
than a lower i n t e n s i t y ,  one is  l e f t  t o  wonder which non-modeled component of t h e  
f l i g h t  environment is re spons ib l e  f o r  t h e  implied a d d i t i o n a l  damage, and which 
materials are s u s c e p t i b l e  t o  i t s  e f f e c t s .  
I n  t h e  rea l  environment, f o r  most any cond i t ion ,  view f a c t o r  cons ider -  
I f  t h e  s imula t ion  t e s t i n g  has  been conducted a t  2 suns ,  then  
Given t h e  i n t e n s i t y  
Given 
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I f  Equation (21)  does prove a p p l i c a b l e  t o  o t h e r  materials and o t h e r  environ- 
ments, then  i t  may become poss ib l e  t o  answer some of t h e s e  ques t ions ,  and t o  put 
modern ground-based space environmental  e f f e c t s  t e s t i n g  on a more sound t h e o r e t i c a l  
foo t ing .  I n  t h i s  regard ,  i t  should be noted t h a t  t h e  models def ined by Equations 
(1) - (21) are  i n  f a c t  s p e c i a l  ca ses  of a model def ined  by Equation (22) ,  
In  which both  t h e  inc iden t  r a d i a t i o n  i n t e n s i t y  and t h e  c ross -sec t ion  are def ined  
as func t ions  of both depth and t i m e .  I f  s o l u t i o n s  - whether exact o r  approximate - 
can be found f o r  t h i s  model, then  i t  may w e l l  prove p o s s i b l e  t o  g e n e r a l i z e  t h e  work 
descr ibed he re in  t o  more complex systems and condi t ions .  
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SYMBOLS 
t 
0 
N 
N (t) 
total 
a 
S 
a 
0 
a 
1 
T 
I 
0 
Ii 
n 
i 
a d  
dl 
a 
D 
time (hrs) 
number of cells in a given monolayer changed up to time=t 
number of cells per monolayer 
total number of cells changed at time=t 
solar absorptance (absorptance units) 
initial solar absorptance (absorptance units) 
final solar absorptance (absorptance units) 
radiation effectiveness cross-section (fraction) 
arbitrary constants 
time constant (hrs) 
surface radiation intensity 
radiation intensity at layer i 
number of layers to which radiation penetrates 
index of  a given layer 
thickness of a single layer of material 
maximum depth to which radiation penetrates 
optical density of material at radiation wavelength 
total thickness of material 
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